ABSTRACT -Purpose: Iron-containing products are atypical in terms of their pharmacokinetic properties because iron is only removed by plasma sampling and is non-linear. This study aims to present a novel way of assessing the relative bioavailability of two sodium ferric gluconate complex (SFGC) formulations and compare this approach to a standard previously published noncompartmental approach. Methods: Data were from openlabel, randomized, single-dose studies (Study 1 was parallel whereas Study 2 was crossover). Subjects with low but normal iron levels were infused IV SFGC in sucrose by GeneraMedix Inc. and/or Ferrlecit ® Injection (Watson Laboratories Inc.). In Study 1 (n=240), 125 mg was infused over 10 minutes. In Study 2 (n=29), 62.5 mg was infused over 30 minutes. Samples were assayed for total iron (TI) and transferrin-bound iron (TBI) over 36 hours (Study 1) or 72 hours (Study 2) post-dose. Studies 1 and 2 used standard noncompartmental analysis. Study 2 also used population PK (PPK) analyses with ADAPT 5®. The final model predicted SFGC area-underthe-curve (AUC pred ) and maximal concentration (Cmax pred ). Analyses of variance was conducted on lntransformed PK parameters. Ratios of means and 90% confidence intervals (CIs) were estimated. Bioequivalence was demonstrated if values were within 80-125%. Results: For Study 1, ratios and 90% CIs for TI baseline-corrected Cmax and AUC 0-36 were 100.4 (96.5 -104.5) and 99.7 (94.2 -105.5). For TBI, results for TI baseline-corrected Cmax and AUC 0-36 were 86.8 (82.7 -91.1) and 92.4 (85.6 -99.7). For Study 2, a multicompartmental model simultaneously described the PK of TI, TBI and SFGC. Ratios and 90% CIs for SFGC Cmax pred and AUC pred were 89.9 (85.9 -94.0) and 89.7 (85.7 -93.9), while ratios and 90% CI obtained from the noncompartmental analysis of Study 2 did not meet BE criteria because of low power. Conclusions: Both the standard and PPK modeling approach suggested bioequivalence between the iron products. However, with the PPK method, less subjects were required to meet study objectives compared to the standard noncompartmental approach which required considerably more subjects (29 vs 240).
INTRODUCTION
Iron plays several important roles in the human body, by participating in transmembrane transport, electron transfers, DNA synthesis and acting as a co-factor in enzymatic reactions (especially those involving heme) (1, 2) . In addition to these functions, iron plays a vital part in the transport of oxygen via the heme molecule, a porphyrin ring structure with a central iron atom (1, 2) . It is also a component of enzymes such as peroxidase, myeloperoxidase, amino acid hydroxylase and 5-lipoxygenase (2) . ferumoxytol) exhibit various characteristics, once the iron is internalized, it is taken up by the reticuloendothelial system (RES) composed of monocytes and macrophages in the liver, spleen and bone marrow (2, 4, 5) . Subsequently, it is bound to transferrin, either intracellularly in pools or extracellularly for transport to erythrocytes. It should be noted that a small fraction of iron likely binds to extracellular transferrin directly from the plasma (4) . Only a small amount of iron is excreted daily in the urine and feces (around 1 mg or 0.03% of the average body's total stores), as there is no true excretion pathway for iron, and the loss from desquamation of skin cells and sweat is negligible (1, 5, 6, 7) . Thus, iron requirements for erythropoiesis are generally met through the recycling of iron from senescent erythrocytes (1, 5) .
The pharmacokinetics (PK) of iron appears to be non-linear, as demonstrated by the saturable plasma clearance of iron dextran, which appears to reach a plateau after doses exceeding 500 mg (8) . This non-linearity is thought to occur between the distribution of iron taken up by the RES that subsequently binds to transferrin. In addition, it is virtually not eliminated from the body, as it is only lost through phenomena such as blood donations/sampling or through blood loss and hemorrhagic events (2, 9) . Because of these particular PK characteristics, iron does not lend itself well to noncompartmental PK analyses (10) . Indeed, it violates certain basic assumptions of noncompartmental analysis such as linearity and constant elimination from the sampling compartment (10, 11, 12) . In addition, the endogenous baseline concentration of iron is not constant and changes significantly after iron dosing simply because iron is not eliminated. All of this can pose problems when using the noncompartmental approach to derive baseline adjusted parameters such as the maximal observed serum or plasma concentration (Cmax) and the area under the plasma/serum concentration time curve (AUC) as this method assumes linearity in the PK of iron and in its baseline levels. These PK parameters are often used to assess the relative bioavailability (BA) between two formulations, a process that compares "the rate and extent to which the active drug ingredient or therapeutic moiety is absorbed from a drug product and becomes available at the site of drug action" (13) . This comparison is central to the bioequivalence (BE) assessment, which aims at determining if administration of the same molar dose of the same active ingredient or moiety under identical conditions leads to similar BA, or BA that is not significantly different.
Specific BE guidelines outlining the ideal study design and statistical approaches that are preferred have been published by various regulatory (government) agencies (14, 15, 16, 17) , and for most drug products, BE is generally assessed by comparing the average BA parameters (Cmax and AUC) of two products. Study designs tend to be two-period, two-treatment, two-sequence crossovers conducted in healthy volunteers, to minimize variability by administering the test and reference products to the same subjects. Using the lntransformed PK parameters calculated for each subject, analyses of variance (ANOVA) are then performed and least square mean (LSM) ratios of test to reference PK parameters and 90% confidence intervals (CIs) associated with the ratios are obtained. Pre-defined bioequivalence limits, which can be viewed as target goalposts, are then used to determine BE by assessing whether or not LSM ratios and CIs fall within the targeted range.
Although such BE guidelines are generally appropriate for most drugs, the BE assessment of drugs with particular PK characteristics remains challenging.
For example, the presence of endogenous levels for drugs such as iron or levothyroxine can make it difficult to distinguish between drug concentrations that come from exogenous sources and those already present in systemic circulation, especially if baseline levels account for a large portion of the observed concentrations (18, 19) . Furthermore, endogenous substances are frequently subject to processes not typically associated with non-endogenous products (feedback mechanisms (20, 21, 22) , saturable transport or elimination, etc.) (23) .
For iron products, the Office of Generic Drugs (OGD) of the US Food and Drug Administration (FDA) has recommended to sponsors of generic submissions that bioequivalence be assessed on baseline-adjusted Cmax and AUC 0-t of total serum iron and of transferrin-bound iron. Considering the relative bioavailability of two iron formulations theoretically cannot be determined reliably by noncompartmental methods using total serum iron and transferrin-bound iron because of the changing baseline following iron administration and its nonlinear PK, other approaches for calculating AUC and Cmax and subsequently establishing the bioequivalence of iron products should be considered. Thus, we postulated that compartmental analyses, rather than noncompartmental analyses, could be more powerful (e.g., would present better statistical power for the same number of subjects) to use to determine the PK parameters necessary for the assessment of the relative bioavailability of two formulations of intravenously-administered Sodium Ferric Gluconate Complex in Sucrose (SFGC) simply because the non-linear characteristics of iron and its changing baseline could be addressed with that method. In other words, the aim of this analysis was to assess the relative bioavailability of two IV formulations of iron by using the compartmental approach. Standard noncompartmental analyses were also conducted so that statistical power would be compared, including results from a previously published study.
METHODS

Study Design
This study was an open label, randomized, single dose, two-treatment, two-period, two-sequence, crossover. A four week washout period was observed between doses. Subjects received both the test product (Sodium Ferric Gluconate Complex in Sucrose Injection, 62.5 mg/5 mL) and the reference product (Ferrlecit® Injection by Watson Laboratories Inc., 62.5 mg/5 mL) at a dose of 62.5 mg as an intravenous infusion over 30 minutes. Both treatments were diluted in 50 mL of 0.9% NaCl.
Subjects were advised to fast for at least 10 hours before dosing, and until at least 4 hours after dosing. Water was permitted ad libitum. Standardized meals (with no specific restrictions on iron content) were served at about 4 (breakfast), 10 (lunch) and 14 (dinner) hours post-dose on Day 1 and at 24 (breakfast), 28 (lunch) and 33.5 (dinner) hours post-dose on Day 2.
Subjects were confined to the clinical facility from at least 10 hours before Day 1 dosing in each period and were required to stay until 36 hours thereafter. Subjects returned to the clinical site for the 48 (± 1) and 72 (± 1) hour post-dose blood sample collection.
During both periods, twenty one (21) PK samples were collected at the following times based on the start of the infusion: -0.5, -0.25 and -0.083 hour (to establish baseline values); 0.25 hour (midpoint of infusion), 0.5 hour (immediately at the end of the infusion); and 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 12, 16, 24, 36, 48 and 72 hours after the start of the infusion. An additional 12.5 mL of blood was obtained from subjects pre-infusion and an additional 8.5 mL of blood was obtained from subjects at 4, 16, 48 and 72 hours post-infusion start for the measure of hematocrit (only pre-infusion), ferritin, transferrin saturation and total iron binding capacity. A total of about 420 mL of blood was obtained from each subject over the course of the study for analysis.
Adverse events and vital signs were monitored throughout the study. Subjects were closely supervised and remained within sight of study personnel for four hours after receiving their initial dose. In addition, seated blood pressure and heart rate were measured prior to dosing and at 12, 24 and 36 hours post-dose.
Population
The study population was comprised of healthy male and non-pregnant female volunteers between the ages of 18 to 55 years old, inclusively, with low but normal iron levels. Ferritin levels had to be between 22 and 100 ng/mL, inclusively, for men, and between 10 and 100 ng/mL, inclusively, for women prior to first dosing. All subjects were required to have a body mass index of 18-32 kg/m 2 as well as an acceptable medical history, laboratory evaluation and physical examination before study entry. The laboratory tests included screens for biochemistry, hematology, urinalysis, cotinine, drugs of abuse, hepatitis B and C, and HIV as well as β-CG (if applicable) and FSH (if applicable).
Ethics
The protocol, protocol amendments and informed consent forms were approved by an institutional review board before any study-related procedures were initiated. Written, informed consent was obtained from volunteers prior to their participation in this study. This study was conducted in accordance with ethical principles outlined in the Declaration of Helsinki, and the TCPS: Ethical Conduct for Research Involving Humans as well as Canadian Regulatory requirements and guidelines.
Sample Handling and Bioanalytical Method
Samples were sequentially collected by direct venipuncture or catheter and processed in a timely manner. Samples were allowed to clot at room temperature for a minimum of 30 minutes and for a maximum of 45 minutes. The tubes were then centrifuged at 3000 RPM and 4 ± 1° C for 10 minutes and then placed at room temperature for a maximum of 15 minutes. A minimum of 1 mL of serum was transferred into duplicate 5 mL polypropylene tubes and maintained in the ice bath or cooling device until frozen. Samples were stored at approximately -20°C (between -10 and -35°C) until transfer or shipment to the bioanalytical laboratory. The time between sample collection and freezer storage did not exceed 1.5 hours.
A validated analytical colorimetric method was used to assay total iron (TI) and transferrin bound iron (TBI). TI and TBI concentrations were measured within the validated standard curve range of 50.00 to 2000 mcg/dL. Assays were performed by Cetero Research.
Population Pharmacokinetic Modeling
Datasets included subjects who completed the study and who had measurable concentrations of TI and TBI. Actual doses, infusion durations and sampling times were used to create the datasets, and iron lost through blood sampling was also taken into consideration. For each subject, the hematocrit value used to account for iron lost during blood sampling was calculated as an average of the hematocrit values taken before dosing in either Period 1 or 2. Concentration values that were below the limit of quantitation (BLQ) were treated as missing values.
Compartmental analyses were performed using the software ADAPT 5® (24), first using the maximum likelihood method to obtain initial estimates and subsequently using the iterative two stage (ITS) approach. This is a fully automated mixed effect modeling approach using both maximum likelihood and maximum a posteriori (MAP) modeling approaches. Briefly, the first probable population PK parameters and variance estimates (e.g., residual variability) were found by using maximum likelihood. Then a population analysis is undertaken where population, individual and residual variability PK parameters are calculated and updated with ever more probable values at every new population iteration. The mixed modeling approach was eventually stopped when it had converged (last iteration preceded by 10 consecutive iterations having a similar objective function (within 3%)) and the most probable and stable results were found.
The base model used for model discrimination was a previously published multicompartmental model that simultaneously described the time courses of total iron, transferrin-bound iron and iron bound to sodium ferric gluconate complex (SFCG-I) (25) . The primary PK parameters estimated by this model included: CL 1 (the clearance of SFGC-I to the RES), CL 2 (clearance of SFGC-I directly to transferrin), CL 3 (clearance of iron entering and exiting the marrow and red blood cell compartment), CL 4 (clearance of TBI to the RES), Km (Iron concentration associated with half of the maximal rate of exchange between the RES and TBI compartments), Vss (the apparent steady-state volume of distribution of SFGC-I), V_RES (volume of distribution associated with the RES), V_RBC (marrow and red blood cell compartment), V_TBI (volume of distribution associated with TBI), and Vmax (maximal rate of exchange between the RES and TBI compartments).
All iron concentrations were fitted using weighting procedures of W j = 1/ j 2 where the variance  j 2 was calculated for each observation using the equation S j 2 =(a+bY j ) 2 where a and b are the intercept and slope of each variance model. The slope is the residual variability proportional to each concentration and the intercept is the additional component of the residual variability. Inter-subject variability was also estimated for each PK parameter estimated by the model. Secondary PK parameters that were derived from the primary PK parameters included the following: CL (total clearance for SFGC-I, calculated as the sum of CL 1 + CL 2 ), AUC pred (area under the serum-time curve of SFGC-I, from the beginning of the infusion to infinity, calculated as dose divided by CL), Cmax pred (maximum predicted serum concentration of serum SFGC-I over the 72-hour sampling period), and T 1/2 (apparent first-order terminal elimination half-life of SFGC-I).
In addition to standard metrics used to evaluate goodness of fit, visual predictive checks were performed. With the final model estimates for both population PK parameters and variability, concentration-time profiles for 1000 subjects were simulated, and median concentrations along with 95% confidence intervals were established using the predicted concentrations. Observed concentration values and predicted confidence intervals were then overlaid graphically.
Statistical Analyses for Bioequivalence Assessment
Analyses of variance (ANOVA) were performed on the natural logarithm of Cmax pred and AUC pred for SFGC-I obtained from the compartmental analysis. The ANOVA model included group, sequence, period nested within group and formulation as fixed effects and subject nested within group*sequence as a random effect. The group*formulation interaction was tested at a 5% level of significance and removed from the model if it was not significant. Sequence was tested using subject nested within group*sequence as the error term. A 10% level of significance was used to test the sequence effect. Each analysis of variance included calculation of least-squares means, the difference between adjusted formulation means and the standard error associated with this difference. The above statistical analyses were conducted using the appropriate SAS® procedure.
In agreement with the two one-sided test for bioequivalence (26) , 90% confidence intervals for the difference between drug formulation leastsquares means (LSM) were calculated for AUC pred and Cmax pred obtained from the compartmental analysis, using the data transformed to their natural logarithm. The confidence intervals were expressed as a percentage relative to the LSM of the reference formulation.
Ratios of means were calculated using the LSM for the above mentioned ln-transformed AUC pred and Cmax pred obtained from the compartmental analysis. The geometric mean values were reported and ratios of means were to be expressed as a percentage of the LSM for the reference formulation.
Bioequivalence was to be declared if the Test/Reference ratios of geometric means of Cmax pred and AUC pred and their complete 90% confidence intervals were to be contained within the bioequivalence interval 80.00 to 125.00% for iron bound to the Sodium Ferric Gluconate Complex.
Noncompartmental Analyses
Baseline-adjusted PK parameters AUC 0-t , AUCinf, Cmax and Tmax were calculated for TI and TBI. Baseline adjustments were performed by subtracting each individual's baseline value (which was the average of all 3 pre-dose values) from each of their post-dose concentration value. ANOVA were conducted on ln-transformed PK parameters AUC 0-t , AUCinf and Cmax for TI and TBI using the same statistical model as the one employed for the parameters obtained from the compartmental analysis. Similarly, ratios of LSM and 90% CI were calculated for each parameter.
Results derived from noncompartmental analyses were also obtained from a previously published study (27) Post-dose concentration values were adjusted using the average of all 5 baseline values for each individual, and PK parameters AUC and Cmax were determined by standard noncompartmental methods with these baseline-adjusted concentrations assuming a stable baseline. ANOVA was conducted to compare ln-transformed PK parameters between formulations. Treatment, group and group-by-treatment were used as classification variables. The group-by-treatment interaction and group terms were removed if they were deemed non-significant at an alpha level of 5%. Geometric mean treatment ratios and the corresponding 90% CIs were determined and BE was declared if the ratios and 90% CIs were contained within 80 and 125% (27) .
RESULTS
Population Characteristics
A total of 32 subjects were enrolled in the current study, and 29 completed both periods of the study. Subjects were dosed in two groups, where Group 1 (Subjects 1 to 16) was dosed on Table 1 summarizes the demographic characteristics of the subjects enrolled in the study (both groups combined). Of the 3 subjects who did not complete the clinical phase of the study, 2 withdrew before Period 2 because of adverse events deemed unlikely to be related to the investigational product and one subject was withdrawn by the Investigator because of a positive drug screen test (amphetamines) at Period 2 check-in. Subjects included in the previously published study were predominantly White (comprising around 91% of the subjects receiving the generic formulation and 85% of the subjects receiving the reference formulation). Around 7% and 13% of subjects in the generic and reference treatment arms, respectively, were Black or African American and other races (American Indian/Alaskan, Native Hawaiian/Pacific Islander, multirace subjects) accounted for less than 2.5% of subjects in both groups. In terms of ethnicity, over 90% of subjects in each arm were not Hispanic or Latino. In both treatment arms, around 50% of the subjects were male. Mean (± SD) age, height, weight and body mass index in the generic cohort were 30.8 ± 9.6 years, 171 ± 9. 
Population PK Approach
A total of 2413 concentrations of TI and TBI were included in the analysis. Two basic models were evaluated. In the first model, it was assumed that the test and reference product had the same values for CL 1 , CL 2 and Vss but with a different relative bioavailability factor (Frel). In other words, CL 1 , CL 2 and Vss between formulations only differed by the same factor Frel. In the second model, different values for CL 1 , CL 2 and Vss were estimated for the test and reference products. Results from the STS analysis performed with these 2 models are presented in Table 2 .
Based on the model discrimination criteria, especially as indicated by the Bayesian and Akaike information criterion, as well as the graphical indicators of goodness of fit, the first model was superior. Two additional parameters were estimated: C_NTBI_P1 and C_NTBI_P2. These parameters estimated the concentrations of nontransferrin bound iron in Periods 1 and 2, respectively. Differential equations describing the final model were: Where X(1), X(2), X(3) and X(4) represent the amount of iron in the serum, RES, TBI and red blood cell (marrow) compartments. R(1) represents the SFGC infusion rate while R(2) is an on/off switch that accounts for the iron loss associated with blood sampling.
The parameter Vmax was defined as Vmax = (CL 3 + CL 4 ) x (Km + TBI base ), where TBI base represents the observed baseline TBI concentration for each subject before dosing in each period. This equation was determined from the assumption that prior to the administration of SFGC, iron levels are at an equilibrium between the RES, TBI and RBC (marrow) compartments.
Observed concentrations for total serum iron and TBI, parameterized as Y(1) and Y(2), respectively, were fitted according to the following equations, where C_NTBI was different for Periods 1 and 2, as previously described.
The final model is depicted in Figure 1 and the PK parameter estimates from the final model are presented in Table 3 . Plots of goodness of fit are presented in Figure 2 while visual predictive checks are presented in Figure 3 .
As demonstrated by the goodness-of-fit plots and visual predictive checks, the model adequately describes all observed concentrations of total iron and transferrin-bound iron. Predicted versus observed concentrations were randomly scattered around lines of identity. No important trends were observed with respect to the standardized weighted residuals or with respect to time. In addition, the residual variability, which includes the intraindividual variability, variability from the bioanalytical measurement, all experimental error and all errors from the modeling itself, was only 23.0% and 17.2% for total iron and transferrinbound iron, respectively.
Secondary PK parameters estimated from the final model are presented in Table 4 . The median estimated terminal elimination half-life for both the test and reference products was 1.63 hours (ranging from 0.785 to 5.92 hours).
ANOVA results demonstrated no statistically significant sequence effect at a 10% level, although there was a statistically significant group effect for ln-transformed Cmax pred (p=0.0104). Because the sizes of Groups 1 and 2 were similar (n=15 and n=14, respectively), the equality of variances test was not performed since ANOVA is robust to the violation of the equality of variance assumption when groups are equally sized and larger than 5 (28) . Statistical analyses on the ln-transformed Cmax pred and AUC pred parameters for SFGC-I are presented in Table 5 .
Noncompartmental Approach
Mean concentration-time profiles for TI and TBI associated with each of the studies are presented in Figure 4 . ANOVA results obtained from noncompartmental analyses of both studies are summarized in Table 5 . 
Drug-bound iron
Iron not bound to drug 
DISCUSSION
Both the standard, noncompartmental approach to BE assessment (only when n = 240) as well as the innovative population PK approach (n = 29) demonstrated BE between the iron formulations that were tested. To our knowledge, this is the first published account of compartmental analyses being used to demonstrate BE with pharmacokinetic endpoints for iron products. This unconventional approach was favoured over the traditional noncompartmental method of calculating Cmax and AUC because of the particularities of iron pharmacokinetics. Noncompartmental analyses are robust when certain assumptions hold true, and iron violates many of these assumptions. The first assumption is that the drug in question displays linear pharmacokinetics (10, 12) . In other words, exposure increases in proportion with increasing dose. A second important assumption is that the drug is eliminated strictly from the body from the pool in which it is being measured, the plasma, for example and in a continuous fashion (11, 12) . Finally, this approach assumes that all sources of the drug are direct and unique to the measured pool, and that consequently baseline levels remain constant (12) . In contrast, the compartmental method employed in the current analysis does not require the drug under study to meet such assumptions as the model included all of these iron PK characteristics. Similar approaches could be applied to analyze other difficult drugs from a PK point of view. Examples may include enzymes or metabolites that are metabolized intracellularly (29) .
Another challenge for assessing SFGC pharmacokinetics is the inability to assay the iron associated with SFGC directly. Although it is possible to assay total serum iron and transferrinbound iron, it is impossible to distinguish endogenous iron from the iron provided by SFGC supplementation. One approach that is often used to work around this problem involves subtracting transferrin-bound iron levels from total serum iron levels, thus assuming that the resulting concentration differences represent iron from the SFGC. In contrast, the compartmental model used in the current analysis estimates iron levels coming from both endogenous and exogenous sources without performing this simple subtraction and does not assume that total iron is only composed of TBI and SFGC-I.
In order to apply compartmental analysis in a BE context, the first step was the determination of a compartmental model that described the pharmacokinetics of iron in all its forms (total, bound to transferrin and associated with SFGC). Based on a previously published model (25) , a model describing both formulations of iron was established. Overall, it explained the data very well. Although twelve parameters were estimated by the model, the model was not deemed overparameterized since two analytes were being fitted, each demonstrating two visible exponentials in their disposition with known nonlinearity (30) . In addition, over 80 concentrations were fitted per subject, signifying that 6 samples were available per PK parameter, which represents a clear rich sampling scenario for the PK model (sparse sampling can be defined when less than 1 sample is available per fitted PK parameter). This PK model accounted for serum iron, iron bound to transferrin, and stores in the reticuloendothelial system and bone marrow (red blood cells). The model also took into consideration iron lost during each blood sample, as well as iron not bound to transferrin. Although the administration of intravenous iron is not associated with the generation of detectable or dialyzable free iron (3, 31) , there is evidence that points to the existence of non-transferrin bound iron (NTBI) that is biologically active and labile (9, 31, 32) . This NTBI may even be bound to albumin (32) . The levels of NTBI estimated in our population were about 46 mcg/dL before any treatment (Period 1) and about 74 mcg/dL before Period 2, which are equivalent to roughly 0.001 and 0.002 mcM and which are well under the 1 M levels normally seen in healthy subjects (1) .
The PK parameters for volume of distribution and clearance estimated with our model were slightly lower than what has been reported in the literature. The Vss and CL estimated for SFGC-I from our analysis were 4.41 L and 2.3 -2.6 L/h, whereas they were 5.72 L and 3.87 L/h in the previous study for which a compartmental analysis was used (25) . Conversely, the average SFGC-I half-life in our study was 1.63 h whereas it was closer to 1 h in the other study (25) . The differences observed between the PK parameter estimates from our analysis and those in the literature may result from the differences in study populations. In the current study, enrolled subjects had ferritin levels between 22 ng/mL (10 ng/mL for women) and 100 ng/mL, inclusively, whereas levels were less than or equal to 20 ng/mL in the other study. This means that the subjects in this analysis had a less profound iron deficiency than those studied by Seligman et al., considering ferritin is a measure of bodily iron stores (9) . Degree of deficiency has been shown to influence iron pharmacokinetics, particularly its rate of transfer from RBC to RES (4) . Patients who are more iron-deficient incorporate iron faster into the RES, which could explain why the terminal elimination half-life of SFGC-I determined by others was shorter than in the current study. In addition, the proportion of women was different in each study. The study population in the current study was composed of 75% women whereas women only made up 43% of the other population. As iron storage and loss are different between men and women (9), it is possible that the different gender compositions led to slightly different pharmacokinetic parameter estimates.
By using a compartmental approach to assess the BE of two formulations of SFGC, problems associated with the noncompartmental method were altogether avoided. Indeed, because SFGC-I Cmax and AUC were calculated by model-based methods, iron's non-linear behaviour, non-continuous elimination (e.g., only through the specific blood samples), unstable baseline, and continual recycling were no longer issues as they were directly addressed by the model. All the specificity of iron pharmacokinetics such as non-transferrin bound iron and iron lost through blood draws were specifically incorporated. The absence of a stable baseline for both total iron and TBI also became a non-issue as the model fitted all the analytes specifically and allowed for the fact that the iron administration in the two periods naturally raised the levels of TBI and total serum iron. The overall result is that all of this unaccountable variability in the baseline adjusted concentrations of total serum iron and TBI are not present in the population compartmental analysis, therefore demonstrating BE with a much lower number of subjects because of this lower unaccountable variability.
The population PK modeling approach described in this article shows that BE can be demonstrated with a relatively small sample size for iron products. Although BE was concluded in the study described by Baribeault (27) , it was necessary to dose 240 subjects in a parallel-group design. Moreover, when noncompartmental analyses were conducted with data from our study, only one parameter (Cmax of baseline-adjusted TBI) met bioequivalence criteria. Post-hoc analyses also revealed that the study lacked the power to show equivalence at ± 20% with an alpha error of 5% (i.e., power was less than 40%). Overall, this suggests that in order to demonstrate BE between SFGC formulations using traditional noncompartmental methods, a very large number of subjects must be dosed. In contrast, the compartmental approach was adequately powered to show equivalence with a sample size of 29 subjects. This highlights again the strengths of the compartmental approach used in this study, as it is able to demonstrate bioequivalence with a significantly smaller number of subjects in a crossover design. In other words, this approach is not only scientifically sound, but it decreases the number of subjects who are exposed to the study drugs, resulting in a more cost-efficient and timeefficient study.
Other researchers have shown, through the analysis of simulated data or data obtained from real clinical trials, that the compartmental approach can be used to assess bioequivalence (33, 34, 35, 36, 37, 38, 39, 40, 41) . However, the PK models employed in previously published analyses were relatively simple ones (one or two compartment models). The population PK model developed in the current analysis is obviously more complex, but it allowed us to simultaneously characterize the PK of two different analytes (TI, TBI) and present concentration time profiles for what was directly administered ferrlecit-bound-iron or SFGC.
The analysis presented here demonstrates how the compartmental approach can be used to perform BE assessments for drugs that do not meet assumptions necessary to employ more traditional, noncompartmental approaches. These drugs may or may not be highly variable drugs (i.e., drugs for which within-subject variability of AUC or Cmax are greater than 30%). Thus, for highly variable drugs that do not lend themselves to traditional analyses, the compartmental approach described here can be adopted. This would first entail developing a model that simultaneously describes the PK of both the test and reference drugs, which could be based on models already described in the literature. Specific model development criteria must be established a priori in the protocol and ideally in a population PK analysis plan. For highly variable drugs that meet the criteria associated with standard noncompartmental analyses, use of the compartmental approach can also be used but other types of analyses, such as the reference-scaled average bioequivalence method (42, 43) , should also be considered.
Although there were many advantages to adopting this non-traditional approach to evaluating BE, the development of a PK model for iron was more time-consuming and labour-intensive than the noncompartmental approach from an analysis perspective. The advantages and disadvantages of using a compartmental PK approach for a highly variable drug that meets the assumptions associated with standard analyses must be weighed in comparison with the reference-scaled average bioequivalence approach. Despite this, results show that this compartmental approach to BE assessment should be seriously considered for iron and potentially other rare, complicated drugs from a PK point of view for which traditional methods are unsuitable.
CONCLUSIONS
A compartmental analysis approach was applied successfully to demonstrate the BE between two formulations of sodium ferric gluconate complex in sucrose. BE was also concluded for the same products in a separate, much larger, parallel-design study employing traditional, noncompartmental methods of analysis. The results of this study suggest that alternative methods, such as the population compartmental analysis proposed here, should also be considered for assessing BE of drugs that are complicated from a PK point of view and for which the standard approach becomes artificially variable thereby necessitating the enrollment of too many subjects.
ABBREVIATIONS
Term
Definition AIC Akaike information criterion ANOVA Analysis of variance AUC pred Area under the serum-time curve of SFGC-I, from the beginning of the infusion to infinity, calculated as dose divided by CL AUC Area-under-the-concentration-time-curve from time zero to 36 hours BA Bioavailability BE Bioequivalence BIC Bayesian information criterion BLQ Below the limit of quantitation CI(s) Confidence interval(s) CL 1 Clearance of SFGC-I to the RES CL 2 Clearance of SFGC-I directly to transferrin CL 3 Clearance of iron entering and exiting the marrow and red blood cell compartment CL 4 Clearance of TBI to the RES CL Total clearance for SFGC-I, calculated as the sum of CL 1 
